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The temperature dependence of phase composition and lattice parameters, for TiAlxN thin film 
coating, are experimentally investigated by in-situ synchrotron radiation X-ray diffraction (SR-
XRD), at temperatures between 25°C to 700 °C. Mechani al properties, such as: Young’s 
modulus (E), hardness (H) and plastic deformation index (PDI) – were experimentally determined 
by nanoindentation, at 25 °C. Crystalline structural analysis, of SR-XRD results, indicates the 
major phases are TiN and AlN; with Ti2O and TiO2 phases also present above 600 °C. The lattice 
constants increased with an increase in temperature. Atomic and phase compositions, at 25 °C, 
were also verified by X-ray photoelectron spectroscopy (XPS). Field emission scanning electron 
microscopy (FESEM) images display an increase in surface roughness and reduction in grain 
size, with increasing Aluminium percentage (Al%). Nanoindentation analysis showed a 
maximum hardness of 25.1 ± 1.5 GPa (sample containig 12% Al), which was subsequently 
reduced upon addition of more Aluminium. Finite element modelling (FEM), including von 
Mises stress distribution, indicates lower mechanical ntegrity, for samples with high Al% 
content. 
 
Keywords: TiAlxN thin film; High temperature SR-XRD; Nanoindentation; Hard coating; Finite 
element modelling; von Mises stress distribution. 
1. Introduction  
Hard coatings play an important role in today’s modern world. More research is 
necessary to develop and study new hard coatings; better enabling industries to 
manufacture mechanical tools with greater toughness. These hard coatings can be 
prepared from stronger composite materials. For yeas, TiN has been preferred for hard 
coatings. This coating helps to protect and preserve tools that endure friction, wear and 
tear (e.g. cutting, drilling, milling of steel). However, in the late 1980s, Leyendecker t 
al. [1] found its composite with Al (i.e., TiAlN) resulted in enhanced mechanical 
properties compared to those of TiN. Liu et al. [2] found that TiAlN coatings had higher 
oxidation and abrasive wear resistance than the TiN coating.  Çalişkan et al. [3] attributed 













Al 2O3 film. In machining steel, where the tools were subjected to abrasive and adhesive 
wear, TiAlN coated tools exhibited higher wear resistance than the TiN coated tools [4]. 
Gu et al. [5] reported that in the milling of steel, the average life time of TiAlN coated 
tools  was  about 2 times greater than TiN coated tools. Recent research found TiAlN 
with hardness values of up to 35GPa, which is 50% higher than that of TiN [6,7]. Further 
research investigated the influence of new dopants other than Al into the TiN lattice, such 
as: Si, Nb, Mo, B, Si and Cr amongst others [8–12]. 
 
TiAlN coatings have been found to be stable at high temperatures (700 °C) and 
fully oxidized above 800 °C [13] due to the formation of a stable Al2O3 layer, which acts 
as a barrier against further oxidation [14]. A number of different physical vapor 
deposition methods [14], such as: arc evaporation [15,16] and DC magnetron sputtering 
systems [17,18] have been implemented in the fabriction of TiAlN coatings. Overall, it 
is anticipated that the mechanical properties of TiAlN coatings depend on the dopant and 
lattice structure within the coating.  
 
In this research, TiAlN thin film coatings were deposited on M2 steel using 
unbalanced DC magnetron sputtering and the aluminiu contents of the films were 
systematically altered in order to investigate the effect of Al on the mechanical and 
structural properties of TiAlN films. The elemental, phase composition and lattice 
structure of the samples were identified by XPS and SR-XRD (25 °C ≤ T ≤. 700 °C). The 
surface morphology and film thickness of the samples w re determined with FESEM and 
SEM. Room temperature nanoindentation tests were made to determine mechanical 
properties including hardness and Young’s modulus. The findings of this research are 
expected to help establish of the processing-structu e-property relationship as a function 
of aluminium content in the coatings. Furthermore, th  details of the phases present, at 
temperatures up to 700 °C will provide their roles in the enhanced mechanicl properties, 















2.1 Samples preparation 
TiAl xN thin film coatings with different Al:Ti ratios (0:42.4 (i.e., TiN), 12.2:28.8, 
34.1:12.7) were deposited onto M2 steel substrates with a closed field unbalanced 
magnetron sputtering system (UDP650, Teer Coating Limited, Droitwich, 
Worcestershire, UK). A mixture of Ar (carrier gas) and N2 (reactive gas) was introduced 
into the deposition chamber during deposition. The iN film had a substrate bias of -50V 
during deposition whilst the other two TiAlN coatings had a DC bias voltage of -60V. 
2.2 Surface chemistry 
The room temperature XPS analysis was done using a Kratos AXIS Ultra DLD 
XPS system, with a monochromatic Al-Kα (1486.6 eV) X-ray source. The sample 
surfaces were cleaned by Ar+ etching for 10 minutes to mitigate the amount of 
contaminants and oxides on the sample surface.  
2.3 Structure, composition, and surface morphology analysis 
High temperature in-situ SR-XRD data acquisition was conducted at the powder 
diffraction beamline of the Australian Synchrotron. An Anton Paar HTK-2000 furnace 
was used to heat the samples at a constant rate of 10 °C/min to attain temperatures of 200 
°C, 500 °C, 600 °C and 700 °C. Each spectrum (10° ≤ 2θ ≤ 90) was collected over 120s 
of exposure, with a Mythen microstrip detector with the wavelength of the synchrotron 
radiation of λ = 0.82647 Å.  
The surface morphology, of the film, was imaged with a FESEM (Zeiss Neon 
40EsB CROSS-BEAM FESEM) system. Cross sectional analysis was conducted by a 
benchtop SEM (JOEL JCM-6000). 
2.4 Mechanical properties 
The mechanical properties, such as: Young’s modulus and the hardness of the 
coating were explored by nanoindentation tests at room temperature. The UMIS-2000 
Ultra-Micro indentation system, with a Berkovich indenter was used. The loading force 
set was set to 10 mN. FEM was carried out to evaluate the film integrity under loading 













thickness of 1 µm. Detailed configurations of the FEM are given in previous studies 
[19,20]. 
 
3. Results and Discussion 
3.1 XPS Analysis 
Table 1 lists the elemental surface composition (%)of the TiAlxN coatings, 
determined by XPS. The atomic percentages were usedto calculate the ratio of Al:Ti 
within the samples. The atomic percentages compiled in Table 1 were derived by 
quantitatively treatment of the spectra by using the CasaXPS software.  
A summary of the Al percentage contents (Al%) in the TiAlxN samples are: T1 - 
pure TiN coating (0% Al), T2 – low Al (12% Al), T3 - high Al (34% Al). 
Observed N 1s, Ti 2p, Al 2p and O 1s spectral peaks for each of the samples were 
fitted using Casa-XPS software (Figure 1). The N 1s spectrum for the T1 coating consists 
of two components at binding energy (BE) 397.2 eV (high intensity) and 397.9 eV (low 
intensity). Both were attributed to TiN within the coating, as research has shown TiN to 
have a BE in the range of 397.2 eV to 397.9 eV [21,2 ]. The N 1s spectra for T2 and T3 
samples also have similar peak to that of T1, with T N component at 397.2 eV to 397.9 
eV. However, as reported by Barshilia et al. [23], this peak could also be due to the 
presence of AlN as its BE (397.3eV) is close to that of TiN (397.2 eV) with the lower 
intensity peak at approximately 397.8eV corresponding to TiN. 
Ti 2p peaks at BE of 454.7, 455.6, 460.8 eV confirm the presence of the TiN 
phases. However, a peak at 462.8 eV, in T2, display the presence of titanium oxynitride 
in a similar way to that found by Barshilia et al. [23]. This peak is shifted to a slightly 
lower BE of 462.6eV, which could represent a change i  oxidation state of the oxide. 
Other oxides of titanium were also found in T1 (TiO2) and T3 (Ti2O3). The Al 2p 
spectrum showed no specific peaks in T1. Two species, namely AlN (BE = 74.4eV) and 
Al 2O3 (BE = 75.2 eV) appear in both T2 and T3. Both T2 and T3 samples have a higher 
percentage of AlN as the area of its peak was considerably larger than that of the Al2O3 
species detected in the samples. Peak fitting in the O 1s region confirmed the presence of 
Al 2O3 in T2 and T3 with peaks at 532.3eV and 531.7eV respectively. A fitted peak at 
530.3eV verifies the presence of TiO2, in T1. Absorbed water impurities were also 













research groups [24]. The components of surface Ti oxide phases decrease in oxygen 
content, as the percentage of Al increases i.e. TiO2  TiO1.65 TiO0.9. 
A general summary on the detection of phases by XPS: 
(i) Titanium oxynitride phases are present in all the samples. There are small, 
linear increases, from T1 to T3. 
(ii)  TiO2 was found in T1 while Ti2O3 and other Ti oxides were observed in 
T2 and T3. 
(iii)  The AlN: Al2O3 ratio remains constant; similarly, with the TiN: AlN ratio 
in all samples.  
(iv) The percentage of Ti oxides increases, while the percentage of Al2O3 
decreases, from T2 to T3, as the percentage of Al is increased. 
3.2 Structural and phase analysis  
SR-XRD results show the presence of two phases at 25 °C in T2 and T3, namely, 
cubic AlN (PDF file No. JCPDS 046-1200) and cubic TiN (PDF file No. JCPDS 87-
0633) phases. A hexagonal Ti2O phase (PDF file No. JCPDS 00-900-8976) is detected in 
T2, at temperatures above 600 °C. Similarly, a tetragonal TiO2 phase (PDF file No. 
JCPDS 00-500-0223) is detected in T3, at temperatures above 600 °C. A tetragonal TiO2 
(ICSD ID – 19567) is detected in T1 above 600 °C. The XPS results confirm the presence 
of these species. 
The SR-XRD results show shifts in the observed peaks, s compared to the 
information from the PDF data files. These shifts could be due to the existence of Al 
dopants in the films (verified by XPS). Due to the igher concentration, the smaller Al 
atoms (covalent radius - 1.43 Å) may have replaced some of the larger Ti atoms (covalent 
radius – 1.46 Å) in the TiN cubic lattice, [25] resulting in lattice parameter reduction with 
the observed peaks shifting to higher angles (Figures 2 and 3). Recent studies have found 
similar peak shifts when Al was doped into the TiN lattice [18,26]. The cell volume of 
the tetragonal TiO2 phase in the T3 sample is approximately twice the cell volume of the 
hexagonal/cubic TiO2 phases in samples T1 and T2.  
The AlN phase identified in the samples had a larger lattice constant (4.079 Å), 
compared to the above PDF file of 3.956 Å. This could be due to the presence of titanium 
in the coating. The titanium in this case would have cted as a dopant in the AlN lattice 
structure, replacing aluminium atoms in the process. The difference in covalent radius 













parameters. C. Wang et al. found similar results [27]. The lattice constants of the main 
phases indicate the Al Rich (Ti,Al) N phase (4.232 Å), in T2, was smaller than that of the 
TiN phase (4.256 Å). The results of lattice constant variation, over all temperatures, are 
consistent and indicated in Figure 4.  
Shift in peak values could also be due to samples being at high temperatures, 
leading to a stress relaxation in the coating, resulting in a change in lattice parameters. 
Thermal expansion of the coating at high temperatures would also strongly contribute to 
peak shifting, as has been observed in the temperatur  range of 450 °C to 650 °C by 
Wustefeld et al. [15] 
Changes in lattice parameters due to temperature changes are apparent from 
Figure 4. Comparison of these results to a recently developed model predicting the lattice 
parameters of TiN and AlN [28,29] shows the TiN model slightly overestimates the 
lattice parameters. The model however did not take Al or Ti dopants into account, which 
could be the reason for the lower values observed from the experimental data. 
Interestingly, the AlN model overestimated the lattice parameters for temperatures below 
600 °C (Figure 4). 
 
 
3.3 FESEM and SEM 
Cross sectional analysis of the films indicates the av rage coating thickness to be: 
T1 (0% Al) = 3.15 ± 0.05 µm, T2 (12% Al) = 6.38 ± 0.05 µm and T3 (34% Al) = 3.04 ± 
0.05 µm. The FESEM surface microstructure images show a relatively smooth 
topography; with valley- and mountain-like features vi ible, due to edge dislocations on 
the surface. The grain size decreased, with the increase of aluminium content in the 
coating (Figure 5). Previous studies of TiAlN films have found that surface morphology 
plays a key role in the oxidation resistance of films [30]. Coatings with densely packed 
fine grains have better resistance to oxidation [31]. Based on these findings, a postulation 
may be made that T3 would be expected to have better resistance to oxidation and 















3.4 Mechanical properties  
Relationships between the hardness and Al content, drawn by many other research 
groups, indicate that the fractional amount of Al in the film proves to be an important 
factor in controlling the hardness of TiAlN films [32]. The experimental values from 
nanoindentation measurements, undertaken at room temperature, are plotted in Figure 6. 
The present experimental results show a non-linear r l tionship between the amount of 
aluminium in the thin film and hardness of the materi l. 
The hardness of the coating increased when the Al:Ti ratio increased from 0 (T1) 
to 0.42 (T2), in agreement with the results found by M. Rahman et al. [33]. As the 
concentration of aluminium was further increased the hardness reduced by 3.2%, 
agreeing with a similar trend noticed by Barshilia et l. [34]. 
The plastic deformation index (PDI), of the coating, is calculated from the 
formula H3/E2, where H is the hardness (GPa) and E is the Young’s modulus (GPa). PDI 
for the samples show an improvement upon addition of Al. A small increase (0.01 GPa) 
was noted upon the addition of aluminium in limited quantities (T2). However, there was 
a significant increase (0.08 GPa) when more Al was added (T3). The sample with the 
highest aluminium content had the highest resistance to deformation with a PDI of 0.19 ± 
0.02 GPa. 
In a recent study, a decrease of the PDI was noted at higher Al concentrations 
[35]. However, in this report, the Al content varies as a function of the sputtering bias 
voltage. This shows that the deposition condition has a significant impact on the plastic 
deformation index of the TiAlxN films. 
Besides the Al content, the presence of small amounts of various Ti oxides, as 
indicated in XPS and XRD spectra. may influence the ov rall grain size of the nitride 
phases and therefore the hardness of the material.  
Surface hardness can be related to the grain size of the coating. The relationship 
between the grain size and surface hardness, governed by the Hall-Petch equation, given 
by:  














Where σy is the yield stress, σ0 is the material’s constant for the starting stress – 
for dislocation movement (or the resistance of the lattice to dislocation motion), ky is the 
strengthening coefficient and d is the average grain diameter.  
The effects of solid solution hardening, as well as n nocomposite interface strain 
strengthening mechanisms should be considered together for the hardness enhancement 
in the film. Increase in Al content has resulted in a decrease of the grain size, 
consequently increasing the hardness [36,37]. However, the observed reduction in 
hardness upon increasing the Al content is as a result of the addition of a softer Al phase 
[34]. This would outweigh the impact of the smaller grain size, hence resulting in a net 
reduction in hardness.  
The von Mises stress distribution presented in Figure 7a, shows two primary 
stress concentrations, the location immediately under eath the indenter, and the vicinity 
of the interface between the film coating and the substrate. These locations are where 
material yielding is most likely to occur. For comparison purpose the modelling results of 
indentation depth versus indentation loading, given in Figure 7b, indicate that at the same 
indentation loading, larger deformation will occur in film T3, so yielding is expected to 
occur first in T3, assuming that the yielding strain level is of the same in T1 and T3. As 
the yield strength of a material is normally positively correlated to its hardness [38], and 
film T3 should have a lower yield strength, note that the curve for film T2 is almost 
identical to that of T1, and its hardness (and hence the yield strength) is even better than 
that of T1 (Figure 7b). Therefore, under loading conditions film T1 and T2 should have 
higher level of mechanical integrity, while that of T3 is lower.  
 
Conclusion  
TiAl xN, deposited by unbalanced magnetron sputtering method, with increasing Al 
content (from 0%, 12% to 34% Al), results in:  
• Slight increases in lattice parameters, for the TiNand AlN phases, as the in-situ 
SR-XRD temperature increases from 25 °C to 700 °C.  
• A reduction in grain size. 
• An increase of hardness (at 12% Al) followed by a decrease of the hardness (~ 














• The development of a small amount of different Ti ox de phases (at > 600°C), 
which may contribute to changes in the observed mechani al properties. 
FEM simulation indicated that the high Al% material will have lower mechanical 
integrity than the 0% and 12% Al content. 
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Table 1. Designation and atomic percentages of samples from XPS analysis. 
 Atomic %  
Sample Code N Ti O Al Al:Ti 
T1 38.09 42.21 19.70 0.00 0.00 
T2 34.65 28.84 24.30 12.21 0.42 




































Fig. 2. SR-XRD diffraction patterns of T1(0% Al), T2(12% Al) and T3(34% Al) at 25 
°C. 
  












































































































Fig 3. SR-XRD diffraction patterns of T1(0% Al), T2(12% Al) and T3(34% Al) at 700 
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Fig. 4. The lattice parameters of main phases, for samples T1, T2 and T3, at various 







































Fig. 6. Nanoindentation results of T1 (0% Al), T2 (12% Al) and T3 (34% Al). (a) 

















Fig. 7. FEM modelling results for samples T1, T2 & T3: (a)von Mises stress 
distribution within the film T2, at an indentation depth of 0.12 mm. (b). Indentation 















• Hardness increase upon the addition of small amounts of Aluminium doping  
• Significant increase in resistance of plastic deformation with increasing doping 
• High temperature in-situ analysis detected an increase in lattice parameters 
• Film coatings with different doping exhibited different oxidation states 
• Finite element modelling evaluated mechanical integrity of films under load 
